Introduction
============

Cervical carcinoma represents the fourth most common cancer type worldwide in women, and the third highest cause of cancer-associated mortality among females in developing countries ([@b1-etm-0-0-6182]). According to statistical data, there were 527,600 new cervical carcinoma cases and 265,700 associated mortalities worldwide in 2012 ([@b2-etm-0-0-6182]). Current therapeutic strategies of cervical carcinoma, including surgery, radiation therapy and chemotherapy, have a high recurrence rate, limited effectiveness and various side effects. Thus, it is urgent to explore novel potential therapies for enhancing the prevention and treatment of cervical carcinoma.

Recently, numerous scholars focused on exploring natural compounds for the treatment of cervical cancer, due to their multiple pharmacological activities and low side effects ([@b3-etm-0-0-6182]--[@b5-etm-0-0-6182]). Ellagic acid, with the chemical formula 4,4′,5,5′,6,6′-hexahydroxydiphenic acid-2,6,2′,6′-dilactone, is widely found in various fruits and plants, including pomegranates, strawberries, raspberries and blackberries ([@b6-etm-0-0-6182]). The structure of ellagic acid is shown in [Fig. 1A](#f1-etm-0-0-6182){ref-type="fig"}. Ellagic acid has been reported to possess various effects, including anti-inflammatory ([@b7-etm-0-0-6182]), anti-oxidative ([@b8-etm-0-0-6182]) and antiviral ([@b9-etm-0-0-6182]) activities. Previous studies have demonstrated that ellagic acid was able to inhibit tumor growth in a human pancreatic cancer cell xenografted mice ([@b10-etm-0-0-6182]), and to induce cell apoptosis in TSGH8301 human bladder cancer cells via endoplasmic reticulum stress- and mitochondria-dependent signaling pathways ([@b11-etm-0-0-6182]). In addition, ellagic acid potentiated the differentiation of human leukemia cells ([@b12-etm-0-0-6182]) and presented an anti-angiogenesis activity in breast cancer ([@b13-etm-0-0-6182]), suggesting the strong anticancer activity of ellagic acid. Furthermore, a previous study indicated that ellagic acid treatment inhibited cell growth and induced cell apoptosis in human cervical carcinoma CaSki cells ([@b14-etm-0-0-6182]). However, the molecular mechanism underlying the effect of ellagic acid on cervical carcinoma remains unclear. A recent study demonstrated that ellagic acid significantly decreased cell proliferation via its inhibitory effects on signal transducer and activator of transcription 3 (STAT3) signaling in human prostate cancer cells ([@b15-etm-0-0-6182]). Additionally, it is widely identified that STAT3, which functions as an oncogenic transcription factor, serves a key role in regulating tumor cell proliferation, survival, apoptosis and angiogenesis in numerous types of cancer ([@b16-etm-0-0-6182],[@b17-etm-0-0-6182]). Clinical and pro-clinical studies have noted that STAT3 is aberrantly expressed in cervical carcinoma tissues and cell lines ([@b18-etm-0-0-6182],[@b19-etm-0-0-6182]). Increasing evidence also demonstrated that STAT3serves a key role in the tumor microenvironment ([@b20-etm-0-0-6182]) and human papillomaviruses infection ([@b18-etm-0-0-6182],[@b21-etm-0-0-6182]) during the development of cervical cancer. Based on the aforementioned observations, it is hypothesized that ellagic acid may inhibit human cervical carcinoma cells, and the mechanism may be associated with the regulation of STAT3 signaling.

Therefore, the current study aimed to investigate the effect and molecular mechanism of ellagic acid on cervical carcinoma cells. Herein, it was observed that ellagic acid significantly inhibited the growth of human cervical carcinoma cell lines, induced cell apoptosis and arrested the cell cycle at G1 phase in human HeLa cells, possibly by regulating the activation of STAT3 signaling.

Materials and methods
=====================

### Chemicals and antibodies

Dulbecco\'s modified Eagle\'s medium (DMEM), fetal bovine serum (FBS), penicillin and streptomycin were purchased from Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Ellagic acid, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and propidium iodide (PI) were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Antibodies against phosphorylated-Janus kinase 2 (p-JAK2; cat. no. 3771), p-STAT3 (Ser727; cat. no. 94994), p-STAT3 (Tyr705; cat. no. 9145), CyclinD1 (cat. no. 2922), B-cell lymphoma-extra large (Bcl-xl; cat. no. 2764) and myeloid cell leukemia 1 (Mcl-1; cat. no. 5453) were obtained from Cell Signaling Technology, Inc. (Danvers, MA, USA; All 1:1,000). Since Tyr705 is required for STAT3 activation and the present study involves the Ser727 signaling pathway, Ser727 and Tyr705 (two sites of STAT3) were examined. Antibodies against glyceraldehyde-3-phosphate dehydrogenase (GAPDH; cat. no. sc-365062) and horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (cat. no. sc-2005) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA; all 1:5,000). All other chemicals and reagents were of analytical grade.

### Cell culture

Human cervical carcinoma HeLa, SiHa and C33A cells were obtained from the Shanghai Cell Bank (Shanghai, China). HeLa, SiHa and C33A cells were cultured in DMEM supplemented with 10% FBS, 100 U/ml penicillin and 100 µg/ml streptomycin at 37°C under a humidified 5% CO~2~ atmosphere.

### Cell viability assay

MTT assay was performed to investigate the cell proliferation. Briefly, cells were seeded in 96-well plates at a density of 2×10^3^cells per well and cultured overnight at 37°C. The control group was treated with 0.1% (v/v) dimethyl sulfoxide (DMSO), serving as the vehicle. The cells were then incubated at 37°C with different concentrations (0, 10, 20 and 30 µM) of ellagic acid at different time points (24, 48 and 72 h). Subsequently, 20 µl MTT (5 mg/ml) were added to each well and incubated for an additional 3 h at 37°C. Following lysis with 150 µl DMSO, the absorbance was detected using a microplate reader (Thermo Fisher Scientific, Inc.).

### Cell apoptosis detection

HeLa cells were treated with different concentrations of ellagic acid for 72 h. Next, cell apoptosis was evaluated with an Annexin V-FITC/PI Apoptosis Detection kit (BD Pharmingen, San Diego, CA, USA) according to the manufacturer\'s instructions. The apoptosis ratio was then measured using a Beckman Coulter CyAn ADP Flow Cytometer (Becton Dickinson, San Jose, CA, USA).

### Cell cycle progression examination

HeLa cells were treated with different concentrations (0, 10, 20 and 30 uM) of ellagic acid for 72 h and cell apoptosis was evaluated with a Cell Cycle Analysis kit (BD Pharmingen) following the instructions provided by the manufacturer. Briefly, subsequent to treating with various concentrations of ellagic acid for 48 h, HeLa cells were trypsinized and centrifuged at a speed of 1,000 × g for 10 min at room temperature. The pellet was washed three times with phosphate-buffered saline and fixed with 70% alcohol. Subsequently, the nuclei were stained with PI and the DNA content was measured by flow cytometry (Becton Dickinson) in accordance with a previous study ([@b22-etm-0-0-6182]).

### Western blot analysis

Following incubation with various concentrations of ellagic acid for 72 h, the total protein was extracted from HeLa cells and the protein concentrations were determined using a is Pierce™ BCA Protein assay kit (cat. no. 23225; Bio-Rad Laboratories, Inc., Hercules, CA, USA). Equal amounts of protein (20 µg) were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and then transferred to polyvinylidene difluoride membranes. Blocking was then performed by overnight incubation in Tris-buffered saline/Tween 20 (TBST) containing 5% non-fat dried milk. The membranes were then incubated with the primary antibodies against p-JAK2, p-STAT3 (Ser727), p-STAT3 (Tyr705), CyclinD1, Bcl-xl, Mcl-1 and GAPDH overnight at 4°C. Subsequent to washing with TBST, the blots were incubated with the aforementioned secondary antibodies coupled to HRP for 1 h at 37°C. The signal was visualized with an enhanced chemiluminescence kit (EMD Millipore, Billerica, MA, USA) and GAPDH was used as an internal loading control. The gray value of the target protein and GAPDH were analyzed using Image J software (version 4.0; National Institutes of Health, Bethesda, MD, USA).

### Statistical analysis

The data are expressed as the mean ± standard deviation. All experiments were performed three times and the data were analyzed by the GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA). Statistical analysis between different groups was performed using the one-way analysis of variance (ANOVA) followed by a post-hoc Bonferroni test. A two-way ANOVA was used in the cell proliferation (MTT) assay. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Effect of ellagic acid on cell proliferation of human cervical carcinoma cells

To investigate the effect of ellagic acid on cell proliferation of human cervical carcinoma cells, HeLa, SiHa and C33A cells were treated with various concentrations of ellagic acid for 24, 48 or 72 h. As ellagic acid treatment time and concentration increased, the cell viability of the three cervical carcinoma cell lines, including HeLa ([Fig. 1B](#f1-etm-0-0-6182){ref-type="fig"}), SiHa ([Fig. 1C](#f1-etm-0-0-6182){ref-type="fig"}) and C33A cells ([Fig. 1D](#f1-etm-0-0-6182){ref-type="fig"}) significantly decreased.

### Ellagic acid stimulates cell apoptosis in HeLa cells

To evaluate the effect of ellagic acid on cell apoptosis of cervical carcinoma cells, HeLa cells were treated with various concentrations of ellagic acid and examined by flow cytometry. As illustrated in [Fig. 2](#f2-etm-0-0-6182){ref-type="fig"}, ellagic acid dosage-dependently increased the number of apoptotic HeLa cells. In comparison with the NC group (4.90±0.98%), the apoptosis rates upon treatment with 10 (16.3±1.38%), 20 (22.0±3.24%) and 30 (32.1±2.27%) µM ellagic acid were significantly increased (P\<0.05). These observations suggest that ellagic acid induces cell apoptosis, which may contribute to the anticancer effect of ellagic acid in HeLa cells.

### Effect of ellagic acid on cell cycle distribution of HeLa cells

The present study subsequently investigated whether ellagic acid was able to affect the cell cycle distribution of HeLa cells by flow cytometry with PI staining, and the results are shown in [Fig. 3](#f3-etm-0-0-6182){ref-type="fig"} and [Table I](#tI-etm-0-0-6182){ref-type="table"}. Ellagic acid at the three investigated doses induced G1 cell cycle arrest in HeLa cells, as evidenced by the significantly increased proportion of cells at the G1 phase (69.9±3.55, 75.7±3.27 and 84.7±3.01% for 10, 20 and 30 µM ellagic acid, respectively; all P\<0.05) in HeLa cells compared with the control group (60.3±4.21%). The results demonstrated that the proportion of cells at the G2 phase were significantly decreased in HeLa cells compared with the control group (20.4±2.94, 15.6±2.87 and 9.38±1.37 for 10, 20 and 30 µM ellagic acid, respectively; all P\<0.05).

### Effect of ellagic acid on STAT3 signaling in HeLa cells

Given that STAT3 signaling serves a pivotal role in tumor cell proliferation, survival and apoptosis, the current study assessed the effect of ellagic acid on the expression levels of STAT3 and associated proteins by western blot analysis. As shown in [Fig. 4](#f4-etm-0-0-6182){ref-type="fig"}, compared with the control. the cells treated with ellagic acid presented significant decreased levels ofp-JAK2 (10 µM, 0.59±0.066; 20 µM, 0.44±0.089; 30 µM, 0.27±0.088), p-STAT3 (Ser727) (10 µM, 0.69±0.085; 20 µM, 0.49±0.097; 30 µM, 0.39±0.086) and p-STAT3 (Tyr705)(10 µM, 0.77±0.092; 20 µM, 0.58±0.104; and 30 µM, 0.33±0.116), when compared with the control group levels (1.00±0.186, 1.00±0.129 and 1.00±0.141, respectively; all P\<0.05). This indicates that ellagic acid treatment may suppress the activation of STAT3 signaling in HeLa cells. Furthermore, the protein expression levels of downstream genes were evidently downregulated by the administration of ellagic acid, including the levels of CyclinD1 (10 µM, 0.81±0.107; 20 µM, 0.55±0.073; 30 µM, 0.34±0.073), Bcl-xl (10 µM, 0.73±0.060; 20 µM, 0.58±0.049; 30 µM, 0.31±0.079) and Mcl-1 (10 µM, 0.76±0.057; 20 µM, 0.54±0.070; and 30 µM, 0.31±0.076), compared with the control group levels (1.00±0.107, 1.00±0.155 and 1.00±0.156; all P\<0.05). These results suggest that ellagic acid induces cell cycle arrest at the G1 phase and that cell apoptosis may be induced via the suppression of STAT3 signaling.

Discussion
==========

The current study provided insights into the effect of ellagic acid on the cell proliferation, cell cycle progression and apoptosis of HeLa cervical carcinoma cells. The most notable findings of the present study were that ellagic acid arrested the cell cycle at the G1 phase, induced cell apoptosis, suppressed the phosphorylationof JAK2 and STAT3, and modulated the expression of associated proteins. To the best of our knowledge, the current study is the first to demonstrate that ellagic acid exerts an anticancer activity in cervical carcinoma HeLa cells possibly by inducing cell apoptosis and arresting the cell cycle via the regulation of STAT3 signaling.

Ellagic acid, a plant polyphenolic compound, has been demonstrated to exert an antitumor activity in several types of cancer ([@b23-etm-0-0-6182]--[@b25-etm-0-0-6182]). The MTT assay conducted in the present study further confirmed the anticancer property of ellagic acid in human cervical carcinoma cell lines. It was demonstrated that ellagic acid reduced the proliferation of the human cervical carcinoma HeLa, SiHa and C33A cell lines in a dosage- and time-dependent manner. Another study has previously reported that ellagic acid dose-dependently suppressed HeLa cell growth ([@b26-etm-0-0-6182]), which is in agreement with the current observations. Of note, the present study results revealed that the inhibitory effects on HeLa cells were more significant compared with those on SiHa and C33A cells, thus the HeLa cell line was used for subsequent experiments to explore the molecular mechanism underlying the effects of ellagic acid.

The mechanism of the anticancer effect of ellagic acid is widely considered to involve the regulation of the cell cycle and apoptosis. For instance, ellagic acid inhibited the growth of MCF-7 breast cancer cells via inducing G0/G1 arrest ([@b27-etm-0-0-6182]), as well as suppressed cell growth by arresting the cell cycle in the G1 phase and inducing cell apoptosis in ovarian carcinoma cells ([@b28-etm-0-0-6182]). To further examine the exact mechanism of ellagic acid-induced inhibition of HeLa proliferation, the effects of ellagic acid on HeLa cell cycle and apoptosis were determined by flow cytometry. According to these experiments, the present study observed that ellagic acid treatment markedly arrested the cell cycle in the G1 phase and stimulated cell apoptosis in HeLa cells at a dosage-dependent manner. Furthermore, STAT3 is generally identified as an oncogenic transcription factor, which is involved in the regulation of tumor cell proliferation, survival, apoptosis and angiogenesis in various types of cancer ([@b16-etm-0-0-6182],[@b17-etm-0-0-6182]). In the current study, it was revealed that the phosphorylation of JAK2 and STAT3 were significantly inhibited by treatment with ellagic acid, implying the inhibitory effect of ellagic acid on STAT3 signaling activation. Furthermore, STAT3 has been demonstrated to regulate tumorigenic proteins, including CyclinD1, Bcl-xl and Mcl-1 ([@b29-etm-0-0-6182],[@b30-etm-0-0-6182]). CyclinD1, the major regulator of cyclin-dependent kinase (CDK) 4 or CDK6 activation, drives the progression from G1 to S phase ([@b31-etm-0-0-6182]). Notably, the results of the current study demonstrated that ellagic acid evidently downregulated the expression of CyclinD1, which is consistent with the results of the cell cycle assay. Bcl-xl and Mcl-1, two anti-apoptotic proteins involved in the apoptosis and survival of various cancer types, were also significantly decreased by the treatment with ellagic acid in HeLa cells. Collectively, the aforementioned observations indicate that ellagic acid induces cell cycles arrest in the G1 phase and cell apoptosis possibly via the suppression of STAT3 signaling. However, further experimental studies are required to validate these findings *in vivo* and to clarify the precise mechanism by which ellagic acid regulates STAT3 signaling in cervical carcinoma cells.

In conclusion, the data of the present study indicated that treatment with ellagic acid markedly inhibited cell proliferation, and induced G1 arrest and apoptosis by suppressing the activation of STAT3 signaling in cervical carcinoma HeLa cells. Thus, these findings suggest the potential application of ellagic acid for the management of patients with cervical carcinoma.
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![Ellagic acid inhibits the cell proliferation of human cervical carcinoma cell lines. (A) Chemical structure of ellagic acid. Effects of ellagic acid on the growth of (B) HeLa, (C) SiHa and (D) C33A cells are shown. All data are expressed as the mean ± standard deviation. ^\#^P\<0.05, \*P\<0.05 vs. control.](etm-16-01-0029-g00){#f1-etm-0-0-6182}

![Ellagic acid induces the apoptosis of HeLa cells. (A) Flow cytometry analysis of apoptosis in HeLa cells treated for 72 h with the indicated concentrations of ellagic acid. (B) Total percentage of apoptosis in HeLa cells in the different treatment groups. All data are expressed as the mean ± standard deviation. \*P\<0.05 vs. the control group. PI, propidium iodide.](etm-16-01-0029-g01){#f2-etm-0-0-6182}

![Ellagic acid arrests the cell cycle in the G1 phase in HeLa cells, as observed by flow cytometry analysis of the different treatment groups. PI, propidium iodide.](etm-16-01-0029-g02){#f3-etm-0-0-6182}

![Ellagic acid suppresses STAT3 signaling pathway in HeLa cells. (A) Representative western blot bands of the proteins associated with STAT3 signaling. The protein expression levels of (B) p-JAK2, (C) p-STAT3 (Ser727), (D) p-STAT3 (Tyr705), (E) CyclinD1, (F) Bcl-xl and (G) Mcl-1 were detected by western blot analysis and normalized to GAPDH. All data are expressed as the mean ± standard deviation.\*P\<0.05 vs. the control group. STAT3, signal transducer and activator of transcription 3; JAK2, Janus kinase 2; p-, phosphorylated; Bcl-xl, B-cell lymphoma-extra large; Mcl-1, myeloid cell leukemia 1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.](etm-16-01-0029-g03){#f4-etm-0-0-6182}

###### 

Proportion of HeLa cells in G1, S and G2 phases of the cell cycle following ellagic acid treatment.

                   Ellagic acid dose µM                                                                                                    
  ---- ----------- ----------------------------------------------------------- ----------------------------------------------------------- -----------------------------------------------------------
  G1   60.3±4.21     69.9±3.55^[a](#tfn1-etm-0-0-6182){ref-type="table-fn"}^     75.7±3.27^[a](#tfn1-etm-0-0-6182){ref-type="table-fn"}^   84.7±3.01^[a](#tfn1-etm-0-0-6182){ref-type="table-fn"}^
  S    8.44±0.39   9.65±0.61                                                   8.71±0.41                                                   7.56±0.37
  G2   31.2±3.82   20.4±2.94^[a](#tfn1-etm-0-0-6182){ref-type="table-fn"}^       15.6±2.87^[a](#tfn1-etm-0-0-6182){ref-type="table-fn"}^     9.38±1.37^[a](#tfn1-etm-0-0-6182){ref-type="table-fn"}^

P\<0.05 vs. the control group. All data are expressed as the mean ± standard deviation.
